INTRODUCTION
============

Amyotrophic lateral sclerosis (ALS) is a devastating, adult-onset neurodegenerative disorder that is characterized by wasting and weakness of the limbs and bulbar and respiratory muscles due to degeneration of the upper and lower motor neurons. ALS usually leads to death within 3-5 years of symptom onset.[@B1][@B2]

Uric acid (UA) is the main end product of purine metabolism in humans and circulates at high concentrations due to inactivation of the enzyme urate oxidase as a result of a genetic defect that arose during human evolution.[@B3] Serum UA is a natural antioxidant that can scavenge superoxides, thus helping to prevent the reaction of superoxide with nitric oxide, which leads to the formation of the strong oxidant peroxynitrite. The antioxidant effects of high concentrations of UA may protect against the development of neurodegenerative diseases and modulate the progression of these diseases.[@B4][@B5] Elevated levels of serum UA have been associated with a reduced risk of Parkinson\'s disease.[@B6] Serum UA may also affect the progression of cognitive impairment, in that higher levels of UA are associated with better cognitive function and a decreased risk of dementia.[@B4][@B7]

Studies of the association between serum UA levels and ALS have yielded conflicting results.[@B5][@B8][@B9] Recent studies have found serum UA concentrations to be lower in subjects with ALS than in healthy controls[@B4][@B10][@B11][@B12] and that lower concentrations of UA are associated with a more rapid progression of ALS, compared with those who have higher levels of UA and ALS. These results were reported for Japanese and Chinese patients;[@B10][@B13] however, it is unknown whether UA affects disease progression in Korean ALS patients. The aim of this study was to determine serum levels of UA in Korean patients with sporadic ALS and to search for a correlation between UA levels and disease progression.

METHODS
=======

ALS patients and healthy controls
---------------------------------

ALS patients from the MND Clinic at the Neurology Department of Hanyang University Hospital in Seoul, Korea were prospectively enrolled from May 2009 to November 2012. All subjects were selected according to the revised El Escorial criteria, and fulfilled the criteria for possible, probable, probable-laboratory-supported or definite ALS.[@B14] None of the patients had a family history of ALS or mutations in the gene encoding superoxide dismutase 1 (*SOD1*), so their diagnosis was seemingly sporadic ALS without *SOD1* mutations. The ALS Functional Rating Scale-Revised (ALSFRS-R) was used to assess the patients\' functional status.[@B15] Patients in the early stages of ALS were recruited, as defined by a disease duration of ≤3 years. This study was approved by the Institutional Review Board of Hanyang University Hospital. The controls were recruited from outpatients who visited the Health Promotion Center of Hanyang University Hospital during the same period. The availability of more than 3,000 healthy individuals enabled the identification of well-matched controls for each patient in terms of sex, age, and body mass index (BMI). Thus, 136 healthy matched controls were included in the study.

Subjects who had been diagnosed with any condition associated with changes in serum UA concentrations were excluded, such as 1) stroke, angina, or myocardial infarction; 2) renal dysfunction; 3) history of alcohol abuse; 4) acute inflammatory state or medical disease (e.g., pneumonia or gastroenteritis); 5) administration of UA-lowering or UA-increasing medications (thiazide or allopurinol); 6) history of gout; or 7) history of percutaneous gastrostomy.

Clinical evaluation
-------------------

Relevant demographic and clinical data were collected at enrollment, including age, sex, age at symptom onset and ALS examination, region of symptom onset, disease duration (interval between symptom onset and examination), forced vital capacity (FVC), medical history, alcohol consumption, and medications and treatment provided.

The progression rate of the disease (ΔFS) from symptom onset to the time of examination was calculated as follows: ΔFS=(48-ALSFRS-R score at time of examination)/\[duration between symptom onset and time of examination (months)\].[@B16]

Blood chemistry examination
---------------------------

Baseline serological data were obtained from serum samples obtained at the first visit to our clinic for the referral diagnosis of ALS. Patients who fulfilled the inclusion criteria after at least 6 months had elapsed since they entered the study had a second blood examination to obtain a longitudinal follow-up of serum UA level. Nonfasting blood was collected and centrifuged, and UA was assayed using the kinetic method (SICDIA L UA reagent, Shin Yang Pharm., Seoul, Korea). Within 30 minutes of collection, samples of blood were centrifuged at 3,000 rpm for 10 minutes. The serum levels of blood urea nitrogen, creatinine, and UA were measured using standard methods with the aid of an automatic chemistry analyzer (Hitachi 7600-210, Hitachi, Tokyo, Japan).

Statistical analysis
--------------------

Continuous variables (e.g., age, BMI, and serum UA level) are presented as mean±SD values. Comparisons between ALS patients and control subjects regarding demographic and laboratory characteristics were performed using Student\'s *t*-test and chi-square tests. A paired *t*-test was used to compare serum UA levels at the times of the first and second examinations. The correlations between serum UA levels and the variables were calculated using Pearson\'s correlation. Multiple regression analyses were used to examine the association between serum levels of UA and the other variables (age, sex, BMI, and ALSFRS-R score). The cutoff for statistical significance was set at *p*\<0.05 for all of the data analyses. Statistical analyses were carried out using SPSS (version 18; SPSS Inc., Chicago, IL, USA).

The survival analysis was conducted after stratifying UA levels according to sex-specific tertiles; survival was analyzed using the Kaplan-Meier method with the log-rank test. Survival was defined as the duration from the time of examination to death or tracheostomy.

RESULTS
=======

Patients and healthy controls
-----------------------------

During the study period, 206 patients visited the MND Clinic of the Neurology Department at Hanyang University Hospital. Of these, 19 were excluded due to refusal to participate in the study, and 16 were excluded due to a disease duration of longer than 36 months. Patients were further excluded due to a family history of motor neuron disease (*n*=11), presence of a concurrent respiratory tract infection (*n*=3), history of gout (*n*=3), cancer (*n*=10), cardiovascular disease (myocardial ischemia, angina, or stroke; *n*=6), a renal disease (*n*=4), and gastrostomy at the time of the first examination (*n*=1). After these patients were excluded, 136 patients were finally enrolled in the study group. Males constituted 69 (50.7%) of the study participants.

The ALS patients were 55.0±11.4 years old at the time of examination, had a disease duration of 13.6±7.4 months and a BMI of 22.6±3.4 kg/m^2^. The region of symptom onset was bulbar in 37 patients, limb in 95, and axial muscles in the remaining 4. Thirty-seven patients (27.2%) were being treated with riluzole at the time of the first examination ([Table 1](#T1){ref-type="table"}). There were no significant differences in age at symptom onset, age at examination, BMI, ALSFRS-R score, disease duration, or FVC between male and female patients.

The age (54.7±10.9 years) and BMI (22.9±2.8 kg/m^2^) of the matched healthy controls did not differ significantly from those of the ALS patients (*p*=0.848 and 0.331, respectively) ([Table 1](#T1){ref-type="table"}).

Serum UA levels and correlations between the clinical variables and UA
----------------------------------------------------------------------

The serum UA level was significantly lower in the ALS patients (4.50±1.17 mg/dL) than in the healthy controls (5.51±1.22 mg/dL, *p*\<0.001) for both males and females ([Table 1](#T1){ref-type="table"}). UA levels were lower among female patients and controls at the time of the first examination. The serum UA level was positively correlated with BMI, ALSFRS-R score, and creatinine, and was negatively correlated with ΔFS (*r*=0.280, *p*=0.001; *r*=0.218, *p*=0.011; *r*=0.381, *p*\<0.001; and *r*=-0.317, *p*\<0.001, respectively) ([Fig. 1](#F1){ref-type="fig"}). Age at examination, age at symptom onset, disease duration, and FVC were not correlated with the serum UA level (*r*=-0.060, *p*=0.485; *r*=-0.066, *p*=0.448; *r*=0.090, *p*=0.295; and *r*=0.029, *p*=0.744, respectively).

Simple and multiple regression analyses were used to control for confounders. Possible correlations between the serum UA level and the demographic and clinical parameters of the ALS patients were evaluated, such as age at examination, sex, region of onset, administration of riluzole, BMI, ALSFRS-R score, disease duration, ΔFS, FVC, and creatinine. Multiple linear backward regression revealed that sex, BMI, bulbar onset, and ΔFS contributed significantly to serum UA levels (R^2^=0.331, *p*\<0.001 for the model) ([Table 2](#T2){ref-type="table"}). This indicates that lower serum UA level is associated with faster disease progression (as expressed by the decrease in ALSFRS-R score per month).

Survival analysis of ALS patients according to serum UA level
-------------------------------------------------------------

Serum UA levels were higher among males than females, and the tertile ranges of serum UA levels differed with sex. The tertile ranges were classified into bottom, middle, and top tertiles separately for males and females, and the survival rate was analyzed in the ALS patients using the sex-specific tertiles (for males: \<4.7, 4.7-5.4, and \>5.4 mg/dL; for females: \<3.7, 3.7-4.4, and \>4.4 mg/dL).

According to our survival analysis of males and females combined in a single model, there was a dose-dependent survival advantage for top-tertile serum UA levels compared to bottom-tertile serum UA levels (log-rank test: *p*=0.035) ([Fig. 2](#F2){ref-type="fig"}). The mean (SE) survival times in the bottom, middle, and top tertiles were 17.9 (1.6), 21.2 (1.8), and 31.0 (3.4) months, respectively. After separation into male and female groups, the mean survival time did not significantly differ between the top and bottom tertiles among the males \[31.4 (5.2) vs. 17.0 (2.3) months, *p*=0.057\] or the females \[26.7 (3.2) vs. 17.2 (1.9) months, *p*=0.218\].

Utility of change in the significance of serum UA between the early and late phases of ALS as a biomarker
---------------------------------------------------------------------------------------------------------

The temporal change in serum UA levels and the relationship between disease severity and serum UA level were investigated through follow-up examinations in 58 patients. Similar serum UA results were found in the 58 patients who had a second blood test at least 6 months after the first one (11.1±5.5 months, range 6.0-31.1 months): the serum UA level of the 58 patients who were followed up was 4.55±1.02 mg/dL ([Table 3](#T3){ref-type="table"}). The ΔFS from symptom onset to the time of the first or second examination (ΔFS~1st~ or ΔFS~2nd~, respectively) was calculated as follows: ΔFS=(48-ALSFRS-R score at time of examination)/\[duration between symptom onset and time of first or second examination (months)\]. The sequential changes in the correlations between the serum UA level and the other variables, including age at examination, sex, bulbar onset, ALSFRS-R score, BMI, disease duration and the progression rate of the disease, were analyzed using multiple linear regression analysis. Multiple linear backward regression analysis for the time of the first examination revealed that sex and ΔFS~1st~ were correlated with the serum UA level (R^2^=0.431, *p*\<0.001 for the model), whereas age at the time of the first examination, bulbar onset, ALSFRS-R score, disease duration, and BMI were not significantly correlated. At the time of the second examination, only sex was correlated with the serum UA level (R^2^=0.381, *p*\<0.001 for the model), while age at the time of the second examination, bulbar onset, ALSFRS-R score, disease duration, BMI, and ΔFS~2nd~ were not significantly correlated.

DISCUSSION
==========

The presence of decreased serum UA levels was identified in a large cohort of patients with ALS and compared with the serum UA levels in a large group of healthy, well-matched controls. It was found that among the ALS patients, lower levels of UA were associated with lower ALSFRS-R scores and faster disease progression (i.e., faster ΔFS), suggesting that such patients are in a more debilitated state and that their disease progresses more rapidly. These data support the previously suggested role of UA in the pathogenesis of ALS (i.e., inhibition of or protection against motor neuron death).

The proposed pathogenic mechanisms underlying ALS emphasize the involvement of oxidative stress, glutamate toxicity, calcium-mediated toxicity, neurotrophic factor withdrawal, genetic defects, immune inflammation, and the accumulation of abnormal proteins.[@B17] Among these various factors, neuronal cell death induced by oxidative stress appears to be one of the most important factors in the motor neuron degeneration that leads to ALS. UA is an important antioxidant and scavenger of free radicals,[@B18] and serum UA has been reported to protect spinal cord neurons against glutamate neurotoxicity in rat embryo cultures.[@B19] The protective effect of UA on neurodegeneration has been widely studied, which has revealed elevated serum levels of UA to be associated with slower disease progression in patients with other neurodegenerative diseases, including Parkinson\'s disease and Alzheimer\'s disease.[@B4][@B6][@B7]

However, the association between the serum UA level and ALS has not been clear, and the results of previous studies of ALS patients were limited and conflicting. A recent Italian study found that patients with ALS with longer disease durations had lower serum UA levels. Patients with bulbar-onset ALS had lower serum UA levels than patients with limb-onset ALS. Malnutrition induced by ALS might also reduce UA levels. One Japanese study found no difference in UA levels between ALS patients and healthy controls,[@B9] but a more recent Japanese study found lower levels of UA,[@B10][@B20] and a recent Chinese study produced similar results.[@B13] In the present study, above-baseline serum UA levels were an independent risk factor for the rapid deterioration of ALSFRS-R score between the onset of symptoms and the time of the first examination. In addition, higher levels of serum UA were associated with higher survival rates.

The findings of this study should be considered in the light of certain limitations. First, although it was well defined, the study population was relatively small (in particular, few patients were followed up), and so the results must be interpreted cautiously. The possibility that the patients who were deteriorating more rapidly were less likely to visit the clinic for the follow-up examination or were more likely to have died might explain the lack of a correlation between this set of data and ΔFS. In addition, because a wide range of ALS patients was included, such as those with possible ALS according to the revised El Escorial criteria,[@B14] some of the ALS patients in this study had slower ΔFS than those included in previously reported cohorts.[@B16][@B21] However, the present study was designed to make the most of an opportunity and to enable prospective observation during patient enrollment in this cohort, and so the benefits of this design minimized these limitations.

Second, adjustments were made for known confounding factors of UA levels, including sex and BMI, but there are other possible confounding factors that may be associated with serum UA levels that could not be accounted for, including dietary preferences (e.g., the consumption of vitamin supplements, alcohol, dairy products, and an Asian or Western diet) and other environmental factors. Although the regression analysis did not reveal a correlation between the administration of riluzole and serum UA levels, the effect of riluzole on serum UA levels might be unclear.

Third, the associations between unmeasured genetic effects and UA have not been explained. Many studies have found an association between UA level and genetic background with respect to the UA transporter, kidney-function-related genes, apolipoprotein E, and susceptibility genes.[@B22][@B23] Although genetic associations with the level of UA have been reported in East Asians,[@B24][@B25] they have not been studied in ALS patients. Lower levels of UA in ALS patients are associated with secondary malnutrition or the disease itself, but genetic differences may also affect UA metabolism. Our previous work has suggested that the genetic makeup of ALS patients differs from that of normal Western populations[@B26][@B27]; therefore, further study is needed into the associations between UA and genetic makeup in patients with ALS.

Interestingly, the correlation between ΔFS and serum UA changed over time in the present study, with the regression analysis revealing a correlation between ΔFS and serum UA in the early phase but not in the late phase. These results suggest that serum UA could be used as a biomarker of disease progression in the early phase but not in the late phase. The lack of correlation in the late phase could be explained by dietary changes, muscle wasting, and the use of various drugs including riluzole and multivitamins, which could affect serum UA levels in the late phase.

An increase in serum free-radical-scavenging capacity was observed after systemic administration of UA in healthy volunteers.[@B18][@B28][@B29] Although a method of UA administration for increasing UA in patients with ALS was not examined in the present study, UA is a putative indicator of decreased oxidative stress and free-radical scavenging.

In conclusion, in agreement with studies, the level of serum UA were lower in the ALS patients than in the well-matched controls in the present study, and UA level was inversely correlated with both ΔFS and survival rate. These results support the hypothesis that oxidative stress is an important mechanism in ALS and that UA protects neurons from oxidative stress and inhibits disease activity. The administration of UA or other agents to increase serum UA levels could be a potential therapeutic or modulatory agent for ALS patients affected by oxidative damage.
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![Correlation between serum uric acid (UA) level and disease progression rate (ΔFS). Slower progression of amyotrophic lateral sclerosis was correlated with a higher level of serum UA.](jcn-11-376-g001){#F1}

![Kaplan-Meier survival curves using stratified serum UA levels. The tertile ranges of serum UA levels differed with sex. The tertile ranges were classified as \<4.7, 4.7-5.4, and \>5.4 mg/dL in male subjects, and as \<3.7, 3.7-4.4, and \>4.4 mg/dL in female subjects. The survival curves demonstrate a relationship between the serum UA level and survival rate in the total population. UA: uric acid.](jcn-11-376-g002){#F2}

###### Demographic and clinical characteristics of the patients and healthy controls

![](jcn-11-376-i001)

  Variable                       Patients (*n* =136)   Healthy controls (*n* =136)   *p*                
  ------------------------------ --------------------- ----------------------------- ------ ----------- ---------
  Age at examination (years)     54.8                  55.0±11.4                     54.0   54.7±10.9   0.848
  Age at symptom onset (years)   53.9                  53.8±11.3                                        
  Sex (male/female)                                    69/67                                69/67       1
  Bulbar onset                                         37 (27.2%)                                       
  Total ALSFRS-R score           41.0                  40.0±4.9                                         
  Disease duration (months)      11.9                  13.6±7.4                                         
  BMI (kg/m^2^)                  22.5                  22.6±3.4                      23.1   22.9±2.8    0.331
   Males (*n*=69)                22.9                  22.7±3.5                      22.8   22.7±3.0    0.998
   Females (*n*=67)              22.4                  22.4±3.3                      23.1   23.1±2.5    0.146
  Serum UA (mg/dL)               4.60                  4.50±1.17                     5.40   5.51±1.22   \<0.001
   Males (*n*=69)                5.00                  4.98±1.24                     6.20   6.13±1.10   \<0.001
   Females (*n*=67)              3.90                  4.01±0.85                     4.80   4.87±0.98   \<0.001

ALSFRS-R: Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised, BMI: body mass index, UA: uric acid.

###### Linear regression analysis of variables associated with serum UA levels in amyotrophic lateral sclerosis

![](jcn-11-376-i002)

  Variable                     Simple regression   Multiple regression                    
  ---------------------------- ------------------- --------------------- ---------------- ---------
  Age at examination (years)   -0.006 (0.009)      0.485                                  
  Sex                          0.975 (0.183)       \<0.001               1.026 (0.172)    \<0.001
  Bulbar onset                 0.158 (0.226)       0.485                 0.494 (0.195)    0.013
  BMI (kg/m^2^)                0.097 (0.029)       0.001                 0.067 (0.025)    0.010
  Riluzole                     -0.050 (0.226)      0.827                                  
  ALSFRS-R                     0.052 (0.020)       0.011                                  
  Disease duration (months)    0.014 (0.014)       0.295                                  
  ΔFS                          -0.750 (0.194)      \<0.001               -0.499 (0.180)   0.007
  FVC (%)                      0.001 (0.004)       0.744                                  
  Creatinine (mg/dL)           3.254 (0.683)       \<0.001                                

Factors included in the multiple linear backward regression analyses were age, sex, bulbar onset, BMI, administration of riluzole, ALSFRS-R score, disease duration, ΔFS, FVC, and creatinine.

ALSFRS-R: Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised, BMI: body mass index, FVC: forced vital capacity, SE: standard error, UA: uric acid, ΔFS: disease progression rate.

###### Comparison between characteristics at the first and second examinations

![](jcn-11-376-i003)

  Variable                       First examination (*n*=58)   Second examination (*n*=58)   *p*                
  ------------------------------ ---------------------------- ----------------------------- ------ ----------- ---------
  Age at symptom onset (years)   49.8                         51.3±9.6                                         
  Sex (male/female)                                           26/32                                26/32       
  Age at examination (years)     51.1                         52.3±9.8                      52.4   53.3±9.6    \<0.001
  Total ALSFRS-R score           43.0                         42.3±2.9                      35.0   35.2±5.4    \<0.001
  Disease duration (months)      12.0                         12.7±6.4                      21.3   24.1±9.4    \<0.001
  BMI (kg/m^2^)                  23.4                         23.5±3.3                      22.7   22.5±3.7    \<0.001
  Serum UA (mg/dL)               4.60                         4.55±1.01                     4.40   4.54±1.17   0.885
   Males (*n*=26)                5.05                         5.21±0.95                     5.35   5.30±1.06   0.682
   Females (*n*=32)              3.90                         4.02±0.73                     4.10   3.92±0.85   0.351
  Serum Cr (mg/dL)               0.80                         0.78±0.12                     0.68   0.68±0.13   \<0.001
   Males (*n*=26)                0.80                         0.83±0.08                     0.71   0.71±0.10   \<0.001
   Females (*n*=32)              0.70                         0.73±0.13                     0.64   0.66±0.14   \<0.001
  FVC, % (*n*=52)                84.5                         84.6±16.9                     74.0   72.6±19.5   \<0.001
   Males (*n*=23)                82.0                         82.7±10.3                     69.0   69.3±15.7   \<0.001
   Females (*n*=29)              87.0                         86.1±19.7                     77.0   75.1±22.0   0.001
  ΔFS                            0.43                         0.56±0.42                     0.51   0.59±0.30   0.468

ALSFRS-R: Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised, BMI: body mass index, Cr: creatinine, FVC: forced vital capacity, UA: uric acid, ΔFS: disease progression rate.
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